Discrete rearrangements of immunoglobulin genes are characteristic of lymphoproliferative diseases of B cells and provide direct evidence of their clonal nature. In addition, because leukemic transformation and growth may amplify B cell clones regardless of selection by antigen, analysis of rearranged Ig genes in leukemic clones may give insight into molecular events taking place during the ontogenesis of normal B cells. We have tested DNA samples from patients with chronic B cell leukemias in search for abnormal rearrangements of the Ig heavy chain gene region. By Southern blot analysis we found an unexpected break in the JH-C mu region in 7 out of 118 cases. Two of these cases were investigated in detail by constructing from each a phage genomic library and isolating the phage clones containing the break points. In both cases the JH-C mu separation was confirmed. Further analysis demonstrated that in both cases the abnormality was an inversion of the Ig heavy chain gene between C mu and one of the C gamma segments. This inversion structure strongly suggests that, as has been demonstrated in murine cell lines and in splenocytes stimulated in vitro, class switching in human B lymphocytes occurs in vivo via a loop-out deletion mechanism. The frequency of abnormal events may be as high as 15%. Clin. Invest. 1992.90:2299-2303
Introduction
Normal B lymphocyte development is characterized by the rearrangement of the genes encoding the light and heavy chains of the Ig molecule, the characteristic product of these cells. Rearrangements altering the germline configuration of these genes are required for their expression. As with any physiological process, errors can occur, particularly if the process is a complex one. Errors in Ig rearrangement are ofinterest for two principal reasons. Firstly, they have helped in understanding normal rearrangement. Secondly, in some cases rearrangement has brought together Ig genes and cellular protooncogenes in such a manner as to contribute to oncogenesis. The singularity of the Ig rearrangement in each B lymphocyte has provided an extremely useful marker to show the clonal origin ofmalignancies arising in these cells. Moreover, by amplifying such individual rearrangements, lymphoid malignancies provide an ideal material for studying these rearrangements in detail.
Rearrangement abnormalities with a pathogenic role were first detected in the course of investigations of neoplastic cells consistently associated with defined cytogenetic abnormalities, e.g., the t(8;14) in Burkitt's lymphoma and the t(14;18) in follicular lymphoma. On the other hand, it is to be expected that many aberrations will be too small to be seen by such techniques, either because they are intrachromosomal or because they involve the transfer of relatively small portions of DNA (as has been found in Philadelphia negative, bcr positive chronic granulocytic leukemia [1] ). Moreover, cytogenetic techniques have been often technically unsuccessful, particularly in chronic lymphocytic leukemia. Attempts to increase the success rate of cytogenetic analysis using mitogens introduces the risk of selecting certain populations of normal or abnormal cells producing unrepresentative results. In contrast, molecular techniques have the advantage of a high degree of sensitivity and do not require the induction of mitosis.
In the light of these observations we decided to search for such abnormalities in human monoclonal B cell populations. We report here that in some cases of chronic lymphocytic leukemia an anomalous Ig heavy chain (IgH)l rearrangement produces an inversion within this region not hitherto described in human B cells. Our findings support the loop-out model for the class switch and illustrate how expansion of a malignant B cell clone can help to understand molecular events required for functional expression of Ig genes.
Methods
DNA was extracted from Lymphoprep (Nycomed Pharma AS, Oslo, Norway) -separated mononuclear cells using a rapid technique. 10 ,ug of DNA was digested to completion using BamHI and run on agarose gels before Southern blotting all as previously described (2) . Because the fragments studied were relatively large, 0.7% agarose gels were run for 48 h to achieve maximum resolution of fragment sizes. Duplicate gels were run for separate JH or CIA hybridization under identical conditions or separate hybridizations carried out after stripping of the first probe.
To obtain good quality high molecular weight DNA for cloning a cesium banding method was used (3 (9) . From inspection of the restriction map of this region in its germline configuration ( Fig. 1 ) it is seen that JH and CM both lie within the same 18-kb BamHI fragment. IgH gene rearrangement (involving D-J and later V-DJ joining) will alter the position of the 5' BamHI site and thus the size of the BamHI fragment containing JH and CM. However, the 3' BamHI site is not affected. Therefore, before class switch one or two bands of nongermline size will be detected using the JH probe. The same fragments will also be detected on a Southern blot in a BamHI digest using a JH or a CM probe. After class switch there will be no signal with CM. If, however, an anomalous break has taken place between JH and CM, then the respective probes will detect different BamHI fragments.
Abnormal JH-CM breaks are found. We have studied patients with a variety oflymphoproliferative disorders (Table I) . In all but one (a case of acute lymphoblastic leukemia) the leukemic cells had immunoglobulin on their surface (SIg+) indicating that they were relatively "mature" B cells. Deletion of one of the two CM alleles was seen in 48 of the 236 alleles tested (20%) indicating that a class switch event had taken place in these cases.
In seven cases, however, the sizes of rearranged BamHI fragments containing JH and CM were clearly different (Table I and Fig. 1 ), indicating a translocation or some other anomalous event in the JH-CM region.
Characterization of anomalous breaks. From these seven cases, two (017 and Kl 1 ) were selected for detailed analysis. Phage genomic libraries were constructed and plated. Plaques hybridizing to CM were purified and large scale preparation of recombinants made. Analysis of the recombinant clones confirmed that they behaved in the same way as the fragments detected by Southern blotting of genomic samples, i.e., they contained fragments of the appropriate size that hybridized with CM but not JH probes (Fig. 2) . By restriction mapping the point at which the clone diverged from the germline map ofthe region could be determined. In both cases this was found to be within the switch M region (Figs. 3 and 4) . The DNA which was foreign to the M region of the map could therefore be isolated.
Single copy probes were obtained from these regions and their chromosomal origin determined by hybridization against DNA from a panel of rodent-human cell hybrids (gift from N. Spurr, Imperial Cancer Research Fund). In both cases we found that the DNA originated from chromosome 14. This is (Fig. 5) . Sequences from either side of the break contained switch sequences in opposite orientation supporting this interpretation.
To clarify the origin of this rearrangement we needed to identify the other end of the inversion. A genomic germline cosmid clone (Ig6) containing the Cgamma 3 region was used for this purpose (10) . From this cosmid we isolated a unique sequence probe 3' from the breakpoint in the region adjacent to Cgamma 3. On a Southern blot this probe lighted the same fragment as JH, thus confirming the other end ofthe inversion as predicted.
The origin of the foreign DNA in the K 11 clone was also facilitated by the use of this clone. A single copy probe was isolated from the K 1I clone which hybridized to the Ig6 clone and thus the position of the second break could be identified (Fig. 4) . It was found to lie downstream of Cgamma 3 and within the switch region of Cgamma 1. Although no coding sequences were found the switch sequences on either side ofthe break were in opposite orientation, suggesting that an inversion ( 12) have suggested that class switching in transgenic mice can arise through transsplicing of the transgene mRNA to an otherwise sterile transcript of the endogenous germline Cgamma gene. The trans-mRNA in these cases therefore contained only one CH segment.
(b) Associated with DNA deletions. Normally in mature B cells, such as plasma cells, which have undergone class switching, the complete VH gene is directly linked to the relevant CH segment ( 13) and the intervening CH genes have been deleted. The IgH constant region segments do not have the specific heptamer-nonamer sequences that appear to guide V-D-J joining. Instead they have in their 5' flanking regions long tandem repeats of simple motifs (GGGCTC and GAGCT). These are believed to mediate the class switch and are therefore referred to as switch sequences.
Several different models have been proposed to explain the precise way in which one CH region is replaced by another.
(a) Early studies of allotypes associated with a particular idiotype showed that class switch normally takes place within a single chromosome (or between sister chromatids). However, in mice carrying a ,u-heavy chain transgene it has been shown that class switch could take place even when the transgene was unlinked to the IgH locus ( 14) . These workers concluded that, at least in this artificial system, class switching could occur between different chromosomes and thus presumably between (Fig. 5) . The excised DNA, which lacks a centromere, would then be lost. We have isolated from human B cells a structure that could only arise through an event bringing together two CH regions from the same chromosome. This is exactly in agreement with the loop-out model proven in the mouse when Jack et al. ( 18) reported the finding of an inversion, similar to the one described here, in the mouse pre-B cell line 18-81. As shown in Fig. 5 (20, 21 ) . Because we have isolated this rearranged structure from leukemic cells, one might question whether our inference with respect to the class switch is applicable to normal B cells. Obviously we cannot answer this question categorically. Nonetheless the clonal nature of the rearrangement indicates that it took place before the leukemic transformation. Therefore we see no reason to surmise that the cell was in any way abnormal at the time of class switching. On the other hand, the mouse data referred to above were obtained either in a cell line or after stimulation with interleukin 4 or lipopolysaccharide.
Although we have fully elucidated the structure of the anomalous rearrangements in only two of out ofseven cases, it is possible that the other five are similar. In this respect we note that only three instances ofJH-Ct separation were found in 68 cases of chronic lymphocytic leukemia while four were found in 28 cases of leukemias with a more mature cell phenotype. We presume this is related to the higher proportion of class switch events in the latter groups (Table I ). In our entire series we found seven anomalous rearrangements out of a total of48 switch events (i.e., -15%). If this is representative of normal B cell development then class switching is a relatively errorprone mechanism.
There are numerous differences between the murine and human IgH genes and therefore in principle extrapolation of results from one species to another must always be performed with caution. The inversion events reported here suggest that the loop-out deletion mechanism is the basis of class switch also in human B lymphocytes. Whereas in the mouse system the process was demonstrated in vitro in a cell line competent for class switching in the human case we have taken advantage of the clonal expansion of a neoplastic cell in which the switch had misfired on one chromosome. This illustrates once again how the analysis of a pathological clone can shed light on a physiological process.
